Brain metastases (BM) represent more than 50% of intracranial tumors in the adult population and have shown an increasing incidence over recent decades 1, 2 . Around 170,000 patients per year are diagnosed with BM in the United States of America. In addition, 10% to 40% of oncologic patients develop BM in the course of the disease [1] [2] [3] [4] [5] [6] [7] [8] . The factors associated with this increasing incidence include advances in neuroimaging techniques, easier access to health care systems, and increased survival of cancer patients. The best strategy for treating BM remains controversial, but the management includes radiotherapy, stereotactic radiosurgery and surgical resection. Patients are typically treated according to age, functional performance, neurological status, type of cancer, number and localization of BM, radiosensitivity and chemosensitivity of the tumors, and systemic control of the primary cancer [5] [6] [7] [8] . Local control of BM can restore neurological functional status and increase survival of patients that may die due to extracranial progression of the disease [9] [10] [11] [12] . Some trials suggest that neurosurgical resection is a good option, presenting low recurrence rates especially when followed by radiotherapy [6] [7] [8] 11, 12 . BM resection can rapidly decrease the mass effect and surrounding edema, improve symptoms and quality of life, control epileptic seizures and provide tissue for histological analysis and diagnosis of suspected lesions [6] [7] [8] . In addition, resection of multiple BM can also bring positive outcomes if systemic cancer is controlled [13] [14] [15] . The objective 
number and localization of BM, radiosensitivity and chemosensitivity of the tumors, and systemic control of the primary cancer [5] [6] [7] [8] . Local control of BM can restore neurological functional status and increase survival of patients that may die due to extracranial progression of the disease [9] [10] [11] [12] . Some trials suggest that neurosurgical resection is a good option, presenting low recurrence rates especially when followed by radiotherapy [6] [7] [8] 11, 12 . BM resection can rapidly decrease the mass effect and surrounding edema, improve symptoms and quality of life, control epileptic seizures and provide tissue for histological analysis and diagnosis of suspected lesions [6] [7] [8] . In addition, resection of multiple BM can also bring positive outcomes if systemic cancer is controlled [13] [14] [15] . The objective 1 of surgical treatment is to achieve complete tumor resection with minimal damage to adjacent structures. The use of intraoperative image guidance, such as neuronavigation, magnetic resonance imaging (MRI) or ultrasonography (US), allows a more accurate detection of BM and reveals their anatomical relationships, possibly leading to better surgical results [16] [17] [18] [19] . The present study reports a series of twenty patients with BM in whom intraoperative ultrasound, henceforth referred to as IOUS, was used to locate and guide tumor resection, as well as to prevent vascular injuries. After the tumor resection, IOUS was performed to identify residual tumor cells, blood clots and foreign bodies in the surgical bed.
The aims of this study were to evaluate the effectiveness of IOUS in locating and accurately defining tumors and to disclose relationships with adjacent tissues. Additionally, the use of IOUS to identify residual tumors, clots and foreign bodies in the surgical cavity immediately after tumor resection was also assessed.
METHODS
Twenty consecutive patients with medical history and/ or lesions in MRI consistent with BM were treated by surgical resection aided by IOUS and followed up prospectively for one year. The decision to perform surgical resection was taken by a neuro-oncology multidisciplinary group from our institution, according to a protocol approved by the local Ethics Committee. All patients were given phenytoin (300 mg/d), dexamethasone (16 mg/d) and a prophylactic antibiotic (cefuroxime) before and during the procedure. The patient position during the operation and craniotomy was decided according to the tumor location shown by radiological exams, MRI (Fig 1) , and the surgery was performed using classical neurosurgical and stereotactic techniques. Doppler ultrasonography was performed immediately after the opening of the dura mater and once again at the end of the surgery using a high-resolution system (MicroMax ® model, Sonosite ® , Bothel, WA) with broadband phased array transducers. The transducers (6-13 and 4-8 MHz) were protected by sterile plastic covers (Fig 1) and saline irrigation was used to improve images. IOUS was first used to determine the tumor location and to evaluate its volume, as well as to define its borders and relationships with adjacent tissues, and the best surgical route to reach the BM (Figs 1-5 ). After surgery, IOUS was used to identify any residual tumor cells, hematomas or foreign bodies (Fig 4A) . Technical difficulties, duration of the surgery, time required to locate the lesions by IOUS, and surgical complications during or after the surgery were all noted.
The accuracy of IOUS for locating tumors was compared to that of stereotactic localization by Aimsystem ® Stereotactic System (Micromar ® ). The lesions' volume estimated by IOUS were compared to the estimates based on the preoperative MRI using the formula V = π/6xAxBxC (where A, C and Images clearly show ventricles, midline shift, tumor and relationships with middle artery branches. This patient had a good neurological recovery immediately after the surgery with no motor deficit and he's submitted to radiotherapy. Two hundread and thirty days later he died of gastrointestinal bleeding secondary to bowel metastases and meningeal carcinomatosis. There was not local recurrence.
images, performed in all cases within 24 hours postoperatively. Differences between tumor volumes calculated using IOUS compared to preoperative MRI greater than or equal to 5% were considered discordant predicted volumes (p-value). Contrast-enhancing brain lesions on the postoperative CTscan were regarded as probable residual tumor cells and considered discordant if IOUS did not detect the same finding. The suspected areas identified by IOUS were biopsied and sent to the laboratory for anatomopathological examination. All patients received the same radiotherapy irradiation dose to the surgical site given within the first five weeks of surgery.
RESULTS
Patients' mean age was 53.4 years (26-76 years), twelve of them were males (60%), and three (15%) had no previous oncological history. Twenty-three BM were operated in the study (Table 1) . Histological analysis confirmed BM in 85% of the patients. Two of them were diagnosed with glioblastoma multiforme and one with cavernoma (Fig 1 and Table 2 ). In all cases, IOUS indicated the tumor localization in the first minute of the exam, and the results were in agreement with stereotactic localization. In all cases, ultrasonographic characterization of the lesions was in agreement with the preoperative MRI findings in terms of tumor borders and anatomical relationships to ventricular and vascular structures. The volume of the lesion was calculated based on intraoperative US images in five patients, and a significant correspondence to the volume calculated from the preoperative MRI was observed in all cases. Six lesions (26.1%) were superficial, at the cortex, being identified by direct visualization; IOUS was then used to determine the echographic characteristics and anatomical relationships, and to search for residual tumor cells after resection. Seventeen lesions were subcortical, and intraoperative US was used in these cases to guide the surgeon in electing the best route to reach the lesion (Figs 4 and 5) .
In eleven cases (55%), IOUS identified suspected areas of residual tumor cells at the surgical bed, eight of which (72.7%) were later confirmed by anatomopathological examination (Fig 4A) . The three remaining suspected lesions were diagnosed as gliosis, necrosis and thermal lesion. No contrast-enhancing lesions supposedly missed by IOUS were identified in the postoperative CT-scan.
Doppler color flow imaging mode revealed important relations between the vascular structures and the tumor in five cases (25%), but accidental vascular injuries were not found. In four cases (20%), the surgical strategy was modified based on IOUS findings, which revealed an alternative route for the neurosurgeon to reach the lesion and perform the resection (Fig 4) . Mean total operation time for a single lesion was 289 minutes and total usage of IOUS never exceeded thirty minutes. There were no complications related to the surgical procedure per se, such as neurological worsening, wound infections, meningitis, abscess, contusions or hematomas. Patient survival time ranged from fifteen days (death related to sepsis and central venous access infection) to 365 days (maximum follow-up time). Functional performance improved after surgery in thirteen patients (65%), and was unchanged in six of them. The most relevant surgical and follow-up findings are shown in Table 2 .
Survival rates in the first, second and third months were 95%, 95% and 80%, respectively. Mean follow-up time was 180 days (15 to 365 days), and three patients presented with local tumor recurrence after BM resection. All recurrences were related to meningeal carcinomatosis (2 patients with melanoma and 1 patient with colon adenocarcinoma) (Fig 3) , and these patients died during follow-up.
DISCUSSION
Brain metastases are more common than primary brain cancer and there is debate over the best treatment protocol. Well-designed studies conducted with patients with single BM, good functional performance, and controlled systemic cancer suggest that neurosurgery is an effective option for local disease control 14, 15 . BM happens by expansion and can reach a significant volume, increasing intracranial pressure and promoting inflammation in adjacent tissues and brain vasogenic edema. The complete resection of BM can resolve some of these processes, restoring neurological functions and solving symptoms. Additionally, surgery allows confirmation of the histological diagnosis of the tumor. In our series, BM was confirmed in 85% of the patients, which enabled their referral, as well as the 15% non-confirmed cases, to appropriate treatment. Although surgery are very beneficial for patients, the decision should always be made by weighing up the benefits and risks. The surgical morbidity and mortality associated to the procedure are estimated to be less than 3 and 5%, respectively. The most common complications are neurological worsening, wound infections, intracranial hematomas, deep venous thrombosis, pulmonary embolism and pneumonia.
The extension of tumor resection is an important factor when it comes to decreasing the local tumor progression rate and increasing patient survival. Complete tumor resection is possible provided that the lesion borders are well defined, the tumor is removed en bloc, and potential residual cells are recognized during surgery. Intraoperative radiological exams such as MRI or IOUS may promptly identify lesion borders, anatomical relationships and residual tumor cells with high sensitivity, leading to more complete and safe tumor removal [16] [17] [18] [19] . The choice of the method also depends on their availability and on the neurosurgeon's personal experience. Intraoperative MRI provides high-quality images, but is still an expensive option that is rarely available in Brazil. The technique also requires complex infrastructure, and image acquisition time is longer. Lower cost, more practical usage, ability to repeat the exam several times and faster image acquisition are some of the characteristics that make IOUS a more attractive method of choice. All lesions in our series were located in less than one minute using this method, and their size, shape, borders, anatomical relations, as well as identification of necrosis, edema and calcifications were determined in most cases and proved concordant with preoperative exam findings. IOUS also indicated where it was best to open the dura-mater, the direction and relationships of each sulcus with the tumor, the optimal point to perform the corticectomy, and the best route to approach the tumor. The use of Doppler color flow helped identify important vascular structures, preventing possible injuries.
In this study, all tumors were promptly located by IOUS, irrespective of their location. Solid and hypercellular lesions appeared as hyperechoic, homogenous and well-defined images. Hemorrhagic areas and necrosis, detected within some lesions, appeared as hypoechoic images. Small calcifications were not identified by IOUS, but large calcifications were indirectly detected by its acoustic shadow. Cystic lesions were seen as hypoechoic images. Cotton, Surgical and organized hematomas were identified as hyperechoic images, thus enabling later removal. Before tumor resection, we found no difficulties in differentiating the tumor from normal brain tissue. However, it was difficult to differentiate residual tumor cells, gliosis and contusions after resection. Our data suggest that IOUS has high sensitivity but low specificity when used for this purpose. At the end of the procedure, the surgical cavity was filled with 0.9% saline solution and appeared as a hypoechoic area surrounded by normal brain tissue (Fig 4A) . The extension of tumor removal using postoperative MRI (gold-standard) was not evaluated in the present investigation and future studies are needed to compare both methods.
IOUS was used with 6-13 MHz and 4-8 MHz transducers. Better image quality was achieved with the 6-13 MHz transducer, but allowed only superficial (up to 4 cm from the cortex) lesions to be visualized. Deeper (2.5 to 6 cm from the cortex) lesions were better visualized using the 4-8 MHz transducer. Volume calculation was possible if lesions were small and if their axis could be seen in one single image. Because of the small contact area of the transducer to the brain, the volume was measurable only in only 5 cases (25%). Dislocation of cerebral structures, a phenomenon known as "brain shift" that occurs during the procedure and interferes with the correct localization of surgical targets when based on preoperative radiological exams, did not affect the accuracy of IOUS 18, 19 .
